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ABSTRACT: We report on new anionic tridentate benzimidazole-pyridine-
tetrazolate ligands that form neutral 3:1 complexes with trivalent lanthanides. The
ligands are UV-absorbing chromophores that sensitize the red luminescence of
europium with energy-transfer efficiency of 74—100%. The lifetime and quantum
yield of the sensitized europium luminescence increase from 0.5 ms and 12—13% for
the as-prepared solids to 2.8 ms and 41% for dichloromethane solution. From analysis

of the data, the as-prepared solids can be described as aqua-complexes [Ln(x*-

ligand),(x'-ligand) (H,0),] where the coordinated water molecules are responsible

for the strong quenching of the europium luminescence. In solution, the coordinated

water molecules are replaced by the nitrogen atoms of the «'-ligand to give anhydrous

complexes [Ln(x*-ligand),] that exhibit efficient europium luminescence. X-ray structures of the anhydrous complexes confirm
that the lanthanide ion (La"™, Eu™) is nine-coordinate in a distorted tricapped trigonal prismatic environment and that
coordination of the lanthanide ion by tetrazolate is weaker than by carboxylate.

B INTRODUCTION

Luminescent lanthanide complexes are seeing an unprece-
dented surge of interest in view of their applications in lighting,
displays, telecommunications, analytical sensors, security inks,
anticounterfeiting tags, biomedical imaging, and solar energy
conversion.' One way of overcoming the problem of faint f—f
absorption transitions of the trivalent lanthanide ions to achieve
bright luminescence is to surround the lanthanide with organic
ligands, which harvest light, transfer the electronic energy to the
metal ion, and protect it from nonradiative deactivation.'™

“Hard” trivalent lanthanides prefer “hard” oxygen ligands, as
demonstrated by a recent survey of 1391 crystal structures
which showed that 42% of the scrutinized complexes contain
exclusively Ln—O bonds while 78% contain at least one Ln—O
bond.® In particular, water strongly binds to the lanthanides and
strongly quenches their luminescence by nonradiative transfer
of electronic energy to high-energy overtones of the O—H
vibrational modes.” However, the nature of the donor atom is
not the only criterion, and many of the stable lanthanide
complexes are made with mixed N,O- or even all-N-donor
ligands. For example, “soft” anionic nitrogen ligands that have
deprotonated arylamide,8 1,2,3-triazole,” 1,2,4-triazole,'® or
tetrazole'' ™" metal-binding group(s) were reported to give
lanthanide complexes with Ln—N bonds that are stable to air
and moisture.

Easy-to-make tetrazole ligands are gaining momentum in d-
and f-metal coordination chemistry.''~** Here we test the effect
of replacing the “hard” carboxylic acid in benzimidazole-
pyridine-2-carboxylates* (Chart 1) by a “soft” tetrazolate
(Scheme 1) on the structure and photophysics of lanthanide
complexes.
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Chart 1. Reference Ligands and Lanthanide Complexes>*

R | N
N NP O HL1:R=CH;
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[Ln(<*-ligand)s]
| A
X NP O HLO:X=0:R=H, CHy, Br
i Oy HLS:X=8;R=H
[Ln(*-ligand),(x -ligand)(H,0),]
R [Ln(x*-ligand)s]

B RESULTS AND DISCUSSION

Synthesis. The two new tetrazole ligands, HT1 and HTS,
were prepared from 2-carboxaldehyde-6-hydroxymethylpyri-
dine® and substituted 2-nitroaniline (Scheme 1). The formation
of the benzimidazole ring*** was followed by mild oxidation of
the pyridine-2-methanol to the corresponding carboxaldehyde
with $e0,,>* and by subsequent conversion of the carbox-
aldehsyde into the carbonitrile with NH,OH-HCI in formic
acid®® or in DMSO*® (Supporting Information). Reaction of
the carbonitrile with sodium azide in DMF*’ gave the target
tetrazole ligands as white solids. The ligand HT8 with an N-n-
octyl chain was prepared to improve the solubility of the
complexes in organic solvents.

Tris-complexes of the ligands with lanthanum and europium,
LnT1 and LnT8, were obtained as air- and moisture-stable
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Scheme 1. Synthesis of Ligands and Lanthanide Complexes”
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“Reaction conditions: (a) Na,S,0,, 2-methoxyethanol, under N,, 110
°C; (b) Se0,, dioxane, under N,, 110 °C; (¢) NH,OH-HCI, sodium
formate, formic acid, under N,,120 °C; [alternative] NH,OH-HCI,
DMSO, under N,, 100 °C; (d) NaN,, NH,Cl, DMF, under N,, 110
°C (the numbering of the tetrazole ring is indicated); (e) NaOH
(base), LnCly-nH,0, ethanol, under air, 65—75 °C; (f) dissolution in
CH,CI, or recrystallization (see text), under air.

white solids from hot ethanol/water solutions with a 3:3:1
molar ratio of ligand, NaOH (base), and LnCl;-nH,O (Scheme
1). Elemental analysis indicates that the complexes have the
composition Ln(ligand);-nH,0, where n 2.5—6. The
structures of the complexes are discussed in the next sections.

Electronic States of the Ligands. The absorption spectra
of the ligands HT'1 and HT8 display a band centered at ~320
nm with molar absorption coefficient of (22—23) x 10° M
cm™" and with a shoulder at ~330 nm, which correspond to x
— 7* transitions of the benzimidazole chromophore (Table 1,
Figure 1, and Figures S1 and S2 in the Supporting
Information). In the complexes, the absorption maximum of
the ligands red-shifts by 2 nm and its intensity increases to
(68—70) X 10> M™' cm™, reflecting the presence of three

Table 1. Absorption Spectra®

Am/nm (€/10° M~' em™)
319 (23)
321 (69), 269 (44)
321 (70), 269 (45)
320 (22)
322 (68), 269 (45)
322 (70), 269 (46)

compound

HT1-0.35H,0
La(T1);-6H,0
Eu(T1);-3.5H,0
HTS
La(T8);-2.5H,0
Eu(T8),3H,0

“In DMSO at 250—500 nm; (1.99—2.23) X 10™* M for the ligands;
(5.30—6.24) x 1075 M for the complexes; at 298 K. Errors: +1 nm for
Amag 5% for e.
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Figure 1. Absorption spectra of ligand HT1-0.35H,0 (2.23 X 107* M)
and complex Eu(T1);:3.5H,0 (5.94 X 10~ M) in DMSO (see also
Figures S1 and S2 in the Supporting Information).

coordinated ligands (Table 1, Figure 1, and Figures S1 and S2
in the Supporting Information).

The triplet energy of the ligands (E;) in lanthanum
complexes was determined to be 20.7 X 10° cm™" from the
0—0 transitions of the phosphorescence spectra, which exhibit
ring-breathing vibrational progressions with a spacing of (1.1—
1.4) X 10> cm™ (Figure 2 and Table 2). The spectroscopic
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Figure 2. Phosphorescence spectra (corrected and normalized;
emission slit: 7 nm) of the as-prepared solid lanthanum complexes
at 77 K.

Table 2. Phosphorescence of Solid Lanthanum Complexes®

E/10° cm™!
complex 0-0 0—1 A
La(T1);-6H,0 207 193 14
La(T8);-2.5H,0 20.7 19.6 1.1

“See Figure 2. At 77 K. Error: #200 cm™".

properties of the ligands HT1 and HTS8 are nearly identical,
because the ligands differ only by the length of the N-alkyl
chain; the same statement applies to their complexes.
Europium Luminescence. Upon excitation into the ligand
absorption band, the new europium complexes emit red
luminescence with a characteristic line-like spectrum®™> in the
range 575—710 nm due to the metal-centered D, — 7F] (0 —
J, ] = 0—4) transitions (Figure 3). The emission lines are sharp
for the as-prepared solids but are broader for the dichloro-
methane solution (Figure 3). The 0 — 0 and 0 — 3 transitions
are weak: <0.3% and <3% of the total emission intensity,
respectively (Table S1 in the Supporting Information). The
contributions of the 0 —» 1, 0 — 2, and 0 — 4 transitions are
19—22%, 42—45%, and 33%, respectively, for the as-prepared
solid complexes EuT1 and EuT8, and 22%, 38%, and 38% for
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Figure 3. Corrected and normalized luminescence spectra of the
europium complexes displaying the D, — "F,_, transitions in the as-
prepared solid and in 7.5 X 10™* M solution in CH,CL,. 4,,. = 355 nm.
Emission slit: 0.2 nm. T = 298 K.

EuTS8 in dichloromethane solution (Table S1 in the Supporting
Information).

High resolution excitation scans over the *D, — ’F,
transition of the as-prepared solid EuT1 and EuT8 at 298 K
exhibit one sharp line at 17233 and 17232 cm™" with full width
at half height of 3 and 5 cm™, respectively, indicating the
presence of a single coordination environment for the
europium ion (Figure 4 and Table 3).
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Figure 4. High resolution excitation spectra of the *D, « F,
transition of the as-prepared solid europium complexes at 298 K.
The emission was monitored at the D, — ’F, transition at 610—620
nm.

The emission spectra are independent of the excitation
wavelength. Energy transfer from the ligands to the europium®®
is confirmed by the excitation spectra, which display onsets
corresponding to the ligand absorption (Figures S3 and S4 in
the Supporting Information; the excitation spectra were
recorded on optically thick samples and, therefore, exhibit
saturated signal at 4 < 375 nm). In addition, we observe faint
sharp lines at 395 and 463 nm of the *Ls < 'F,; and °D, «
"F,,, f—f transitions of Eu™?® The weak intensity of the f—f
transitions with respect to the ligand bands confirms an

of the ligands (energy donor;*® 20 700 cm™, Table 2) and the
Eu(°D)) levels (J = 0, 17230 em™; ] = 1, 19000 cm™")*” are
3470 and 1700 cm™, respectively, and are adequate for li%and-
to-europium energy transfer without much back-transfer.”® In
contrast, the Eu(°D,) level, at 21600 cm™,* lies above the
triplet of the ligands and is probably not involved in the energy
transfer.

The observed luminescence decays (7., Table 3) for all of
the complexes are single exponential functions in all media at
both 298 K and 10 K, indicating the presence of one emissive
europium center in each case. The lifetimes increase by less
than 10% in going from 298 K to 10 K, which points to the
absence of thermally activated deactivation pathways, such as
those induced by ligand-to-europium charge-transfer states®” or
by back europium-to-ligand energy transfer*® (Table 3).

For the as-prepared solid complexes EuT1 and EuTS8, the
luminescence lifetimes are short, around 0.5 ms, and the
measured quantum yields of the ligand-sensitized europium
luminescence (Qf") are only 12—13%. In contrast, when EuT8
is dissolved into dichloromethane, both the lifetime and the
quantum yield increase considerably to 7., = 2.8 ms and Q" =
41% (Table 3). To explain these results, we postulate that the
as-prepared solids are aqua-complexes [Ln(x*-ligand),(k'-
ligand)(H,0),]-yH,0, where one of the tetrazolate ligands is
k'-bound and where water molecules (probably two, as
indicated by the short lifetime of 0.5 ms)* are coordinated to
the europium ion (Scheme 1), inducing a strong luminescence
quenching. Thermogravimetric analysis supports this interpre-
tation: the as-prepared solid LnT8 undergo a weight loss in the
range 30—100 °C corresponding to 0.2—0.4 outer-sphere water
molecules and another one between 100—180 °C correspond-
ing to 1.85 coordinated water molecules (Figure SS and Table
S2 in the Supporting Information). In dichloromethane, a
noncoordinating solvent, the lanthanide-bound water molecules
are probably replaced by the benzimidazole and pyridine
nitrogen atoms of the k'-ligand to give the anhydrous complex
[Ln(x*ligand),], which exhibits higher luminescence efficiency
(Scheme 1 and Figure S). Evaporation of dichloromethane
solution gives a solid that exhibits a biexponential luminescence
decay at 10 K with two lifetimes that correspond to the aqua
(0.55 ms) and the anhydrous (2.43 ms) complexes, indicating
reversible conversion between these two species® (in general,
lanthanide—ligand bonds are ionic and, therefore, nondirec-
tional and labile').

More insight into the photophysics of the complexes can be
gained by analyzing the data in terms of eq 1, where Qf* and
Qis are ligand-sensitized and intrinsic luminescence quantum
yields of the Eu(°D,) level, 7., is the efficiency of ligand-to-
europium energy transfer, and 7, and 7,4 are the observed and
radiative lifetimes of Eu(°D):

Eu __ Eu __
antenna effect. Indeed, the energy gaps between the triplet state Q" = Miang X Qg = Mheng X (Tats/ %) (1)
Table 3. Photophysics of Europium Complexes®
Tops/MS
complex Vo_o/cm™! QF*/% 298 K 10 K Tpoq/MS QE/% Nsens/ %
Eu(T1),-3.5H,0 solid 17233(3)® 12 0.51 0.47 436 12 100
Eu(T8),3H,0 solid 17232(5)" 13 0.52 05 393 13 100
CH,CL, 41 2.83 5.09 56 74

“At 298 K, unless stated otherwise. A, = 355 nm. Errors: 7y, +2%; QF, & 10%; 7,0, £10%; QEY, +129%; 7eny +£22%. “See Figure 4. Full width at

half height in parentheses.
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Figure S. Structures of complexes [Ln(K3—T1)3:| (Ln = La, top; Eu,
bottom) (50% probability ellipsoids; H atoms and cocrystallized
solvent molecules omitted; ORTEP). Heteroatoms: N, blue; La, black;
Eu(1), red.

In a highly luminescent lanthanide complex, the ligands must
protect the metal ion from nonradiative deactivation (param-
eter Qfr) and must provide efficient light harvesting and energy
transfer (parameter 7)., ). The radiative lifetime of Eu(*D,) was
calculated from eq 2,°"** where n is the refractive index (taken
as 1.5 for solid-state metal—organic complexes™* or 1.4242 for
the CH,Cl, solution), Ayp is the spontaneous emission
probability for the Dy, — “F; transition in vacuo (14.65 s™"),
and I,,,/Iyp is the ratio of the integrated emission intensity of
the total corrected europium spectrum to that of the magnetic
dipole D, — ’F; transition (Table S1 in the Supporting
Information):

3
14 = Ayp X 1 X (Iie/Iyp)

)

The radiative lifetimes for the as-prepared solid complexes
EuT1 and EuT8 are 4.36 and 3.93 ms, respectively. When
EuT8 is dissolved in dichloromethane, one anticipates a
lengthening of 7,4 to 4.59 ms due to the decrease in refractive
index (eq 2). In the experiment, however, a longer radiative

5174

lifetime is found, 5.09 ms, indicating that the inner coordination
sphere of the lanthanide ion changes upon dissolution of the
complex.

The intrinsic quantum yield of europium could not be
determined upon direct f—f excitation because of the low
intensity of the f—f absorption. Instead, it was calculated from
the ratio Q% = 7,/ 7,4q to be 12—13% for the as-prepared solid
and 56% for the solution (Table 3). The higher luminescence
efficiency of the complex in dichloromethane solution confirms
that water molecules are not coordinated to the europium in
the solution and that the tetrazolate ligands efficiently protect
the excited europium ion from nonradiative deactivation.
However, the calculated efficiency of ligand-to-europium
energy transfer, 7., = QI"/QE., decreases from 100% in the
as-prepared solid to 74% in the solution because of energy
losses within the ligands induced by collisions with solvent
molecules and by labile bonding with europium (Table 3).
Nevertheless, these losses are compensated by the large
increase in QE" in the solution.

Structure of Anhydrous Complexes. Small-scale recrys-
tallization (<2 mg) of the as-prepared aqua-complexes from
boiling organic solvent gave upon cooling anhydrous complexes
[Lo(x*-T1)3]-3CH,CN and [Eu(x*-T1),]-2.25C,H;OH as the
only single crystals suitable for structural characterization that
we could isolate (see Table S3 and the Supporting Information
for details).

The two complexes have similar structural properties (Figure
5 and Table 4; the structure of [Eu(x*-T1);] contains two
independent molecules). The lanthanide ion is nine-coordinate.
It is bound to three tridentate ligands, and its coordination
polyhedron is a distorted tricapped trigonal prism (TCTP),
with the N(py = pyridine) atoms in capping positions and in-
plane with Ln™. Two triangular faces of the prism are defined
by N(tz)—N(b)—N(b) and N(tz)—N(tz)—N(b) atoms (tz =
tetrazolate, b = benzimidazole). Each of the three ligands
connects the triangular faces of the TCTP via a capping
position. The ligands are arranged “up—up-down” around the
lanthanide, resulting in a low symmetry (formally C;) of the
complex.

The coordinated ligands are not planar. The dihedral angles
between tetrazolate and pyridine are 4—10°. The angles
between pyridine and benzimidazole are larger, with a wider
range of 11—40° (Table 4). The three ligands in the complex
are not equally strongly bonded to the lanthanide as reflected in
the bond lengths. For a given ligand, the lanthanide—
benzimidazole bond is often the longest one with the widest
variation (Table 4). The bond lengths decrease from La™ to
Eu™ because of the lanthanide contraction.

Cocrystallized ethanol molecules in the structure of [Eu(x’-
T1),] form hydrogen bonds with N2 or N3 atoms of the
tetrazolate with N---O distances of 2.93(1)—3.03(3) A. Inter-
lanthanide communication is negligible, with Ln—Ln distances
>9.9 A, which minimizes concentration quenching, a favorable
condition for efficient luminescence.

The bonding strengths of the ligands were quantified by the
bond-valence method,*® wherein a donor atom j at a distance
di,; from the metal ion is characterized by a bond-valence
contribution vy, :

R — .
Uy = eRinin P

©)

where Ry,; are the bond-valence parameters for the pair of
interacting atoms (La—N, 2.261 A; Eu—N, 2.161 A),** and b is
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Table 4. Structural Parameters®

bond lengths® (A)

angles®* (deg)

complex Ln—N(tz) Ln—N(py)
[La(x>-T1),] 2.607(2) 2.708(2)
2.618(2) 2.700(2)
2.620(2) 2.694(2)
2.615(11) 2.701(11)
0.013 0.014
[Eu(>-T1);] (1) 2.481(9) 2.604(8)
2.501(8) 2.556(8)
2.521(8) 2.616(7)
2.501(33) 2.592(52)
0.040 0.060
[Eu(x>-T1);] (2) 2.502(9) 2.549(8)
2.506(9) 2.574(8)
2.538(8) 2.601(7)
2.515(32) 2.575(42)
0.036 0.052

Ln—N(b) tz—py py—b Ln—Ln? (A)
2.660(2) 4.07 11.25 9.9243(6)
2.710(2) 4.84 27.23
2.686(2) 440 25.66
2.685(41) 4.4(6) 21(14)
0.050 0.77 16
2.565(8) 5.37 10.58 10.2890(10)
2.669(8) 7.94 34.25
2.630(8) 8.64 21.39
2.621(86) 7(3) 22(19)
0.104 3.3 24
2.658(9) 5.04 39.76
2.564(8) 9.52 27.24
2.571(8) 6.80 11.56
2.598(86) 7(4) 26(23)
0.094 4.5 28

“Each row corresponds to one ligand. Numbers in bold are averaged data with standard deviations 2. Numbers in bold and in italic are differences
between the minimum and the maximum values. "tz = tetrazole; py = pyridine; b = benzimidazole. “The dihedral angles between the planes of
tetrazole and pyridine or pyridine and benzimidazole. “Minimum Ln—Ln distance.

a constant (0.37 A). The bond valence sum (BVS) of the metal
ion Vi, (eq 4) is supposed to match its oxidation state if
average bonds are standard:

‘/Ln = z Vin )
j (4)

The BVS for the new structures (3.02—3.10) are close to the
expected value for Ln™ (3.00 + 0.25) and confirm the good
quality of the crystallographic data (Table S). The average
contributions from the coordinating groups are in the expected
ord3e4r: N(tz), 0.39(3) > N(py), 0.31(4) > N(b), 0.31(7) (Table
5).”

Table S. Calculated Bond Valence Parameters

DLn,j(N)a
complex Vin N(tz) N(py) N(b)
[La(x3-T1),] 3.02 0.38(1) 0.30(1) 0.32(4)
[Eu(x*-T1),] (1) 3.01 0.40(4) 0.31(5) 0.29(8)
[Eu(x3-T1);] (2) 3.06 0.38(4) 0.33(5) 0.31(8)
all data 0.39(3) 0.31(4) 0.31(7)

“Averaged over three ligand bond-valence contributions with standard
deviation 20.

Structure of Aqua-Complexes. The postulated aqua-
complexes (Scheme 1) likely resemble the previously reported
nine-coordinate lanthanide aqua-carboxylates [Ln(x>-li-
gand), (x'-ligand) (H,0),] with deprotonated tridentate ligands
HLO and HLS (Chart 1).* These aqua-carboxylates exhibit
europium luminescence in solid state with 7., = 0.42—0.47 ms
and Qf* = 12—14% that are close to those of the aqua-
tetrazolate complexes reported here. Moreover, these aqua-
carboxylates can be converted into the anhydrous complexes
[Ln(x*ligand);] on recrystallization.?

The tautomeric tetrazolate heterocycle can bind to a
lanthanide ion by either the N1 or the N2 atom: we observe
N1-coordination for the «’-ligand (Figure 5) and we postulate
N2-coordination, for steric reasons, for the Kl—ligand (Scheme
1). We note that chelating tetrazolate ligands are known, in

certain cases, to bind lanthanides by monodentate N1- or N2-
coordination, instead of by chelation, or even to be reoplaced by
water to become noncoordinated counteranions.'®™*

Tetrazolate versus Carboxylate. We previously reported
lanthanide complexes with carboxylate analogues HL1 and HL8
of the new tetrazolate ligands (Chart 1).* In contrast to the
tetrazolates, which give aqua-complexes, these carboxylates,
under identical conditions, give anhydrous complexes [Ln(x*-
ligand);] that exhibit efficient europium luminescence in the
solid state and in solution, with 7., = 2.46—2.95 ms and Q" =
52—71%." Therefore, “hard” carboxylates are better ligands and
sensitizers for lanthanides than are “soft” tetrazolates.

The structure of the anhydrous tetrazolate complexes (Figure
5) is similar to that of the anhydrous carboxylates.* However,
the average Ln—N(benzimidazole) bond in [Ln(x*-T1),] is
shorter by 0.058—0.083 A and its bond-valence contribution is
larger by 0.04—0.06 than in [Ln(k>-L1);]. It is a result of a
weaker binding of the lanthanide by the Nl-tetrazolate vs the
O-carboxylate which have the corresponding average bond-
valence contribution of 0.39 vs 0.42 (Figure S and Tables 4 and
S).

In the ligands, replacing carboxylic acid by tetrazole red-shifts
the lowest-energy absorption by <5 nm but does not change its
intensity (Table 1; for HL1 and HLS8, 4,,,, ~ 315 nm and ¢ =
22 X 10° M~ cm™).* In the complexes, replacing carboxylate
by tetrazolate enhances the intensity of the lowest-energy
absorption but does not shift its maximum and does not change
the triplet state energy of the ligand (Tables 1—3; for [Ln(x’-
L1),] and [Ln(x>-L8);], Apex = 316—321 nm, & = (51-59) X
10° M~! em™ and E; = (202-21.1) X 10° cm™).*

In comparison to the tetrazolate ligand in [Eu(k’-T8),], the
carboxylate ligand in [Eu(x*-L8),] transfers energy to the
europium more efficiently (,.,, = 74% vs 83%) and protects
the europium against nonradiative deactivations better (Qf: =
56% vs 63%) to give a higher ligand-sensitized quantum yield in
solution (QF = 41% vs 52%) (Table 3).* These differences
come from the higher affinity of the lanthanides for the “hard”
carboxylate than for the “soft” tetrazolate.

In the solid state, the radiative lifetimes of the aqua-
tetrazolate complexes, 4.36 and 3.93 ms (Table 3), are longer
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than are those reported for the aqua-carboxylates [Ln(x-
LO),(x-LO)(H,0),] and [Ln(x*-LS),(x'-LS)(H,0),], 3.2—
3.5 ms,> and shorter than are those for the anhydrous
carboxylates [Eu(x*-L1);] and [Eu(x*-L8),], 4.60—4.7 ms
(Chart 1).* In solution, the radiative lifetime of [Eu(x>-T8),],
5.09 ms, is longer than that of [Eu(x>-L8),], 4.39 ms,* which
may be explained by a more symmetric coordination environ-
ment of the Eu™l in the anhydrous tetrazolate than in the
anhydrous carboxylate, that is, Ny vs N4O; donor atom set, and
by a weaker binding and, therefore, weaker perturbation of the
metal f-orbitals by tetrazolate than by carboxylate.

Fine structure of high-resolution luminescence spectra of the
europium ion, especially when they are recorded for single
crystals at low temperature, can provide information® on the
coordination environment of Eu"". The 0 — 1 luminescence
transition of the new europium tetrazolate complexes exhibits
three bands (two of which nearly coincide) for the as-prepared
polycrystalline solid aqua-complex or two very broad bands for
the solution of anhydrous complex (Figure 3).These
luminescence spectra, together with the structural formulas
(Scheme 1), suggest that the local symmetry® around the Eu'™
is likely to be close to C; (as-prepared solid) or pseudo-C,
(solution).

B CONCLUSIONS

Anionic tridentate benzimidazole-pyridine-tetrazolates are a
new class of “soft” nitrogen chromophore ligands36 that can be
coordinated to lanthanide'' ™" and actinide'>*' f-metals and to
octahedral and square-planar d-metals'*** to give luminescent
and redox-active complexes. The ligands form neutral
complexes with lanthanum and europium and efficiently
sensitize the red luminescence of europium. Although
coordination of lanthanide ions by tetrazolate is weaker than
by carboxylate, tetrazolates are promising antenna ligands for
sensitizing lanthanide luminescence, and further modification
should be able to enhance their coordination properties. In
addition, “soft” nitrogen ligands are applied for lanthanide/
actinide separation in nuclear fuel reprocessing,’” and the
tetrazole ligands, in neutral or anion form, may be of interest in
that area of research.

B EXPERIMENTAL SECTION

General Information. Elemental analyses were performed by Dr.
E. Solari, Service for Elemental Analysis, Institute of Chemical Sciences
and Engineering (EPFL). 'H and "*C NMR spectra were recorded on
Bruker Avance DRX 400 MHz and Bruker Avance II 800 MHz
spectrometers.

Chemicals from commercial suppliers were used without
purification. Chromatography was performed on a column with an
id. of 30 mm on silica gel 60 (Fluka, Nr 60752). The progress of
reactions and the elution of products were followed on TLC plates
(silica gel 60 F,s4 on aluminum sheets, Merck).

Absorption spectra in the range 250—500 nm were measured on a
PerkinElmer Lambda 900 UV/vis/NIR spectrometer. Luminescence
spectra were recorded on a Horiba-Jobin Yvon Fluorolog FL 3-22
spectrometer and were corrected for the instrumental function.
Quantum yields were determined on the same instrument by an
absolute method with a modified homemade integrating sphere.*”
Luminescence lifetimes were measured with a previously described
instrumental setup.>* Spectroscopic studies were conducted in optical
cells of 2 mm path length or in 2 mm i.d. quartz capillaries under air.
The solutions in CH,Cl, (Fisher Scientific, analytical reagent grade)
were freshly prepared before each experiment.

CAUTION: Tetrazole derivatives and other nitrogen-rich hetero-
cycles are known to be an explosive hazard.>® We did not encounter
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any problems in the everyday handling of small quantities of the new
tetrazole ligands and tetrazolate complexes; however, we did not
perform stress tests on these materials.

Synthesis of Ligands. The reactions were performed under
nitrogen (Scheme 1).** Substituted 2-pyridinecarbonitrile (Supporting
Information), NaN; (CAUTION: explosive hazard, toxic; small excess,
Fluka), and NH,CI (small excess) were stirred in dry degassed DMF
(2.5 mL, absolute, puriss >99.8% GC, over molecular sieves, Fluka) at
110 °C (bath temperature) for 24 h to give a yellow suspension. Water
(20—30 mL) was added. The pH of the resulting suspension was
adjusted to pH 3—4. It was stirred for 1 h at room temperature. The
solid was filtered, washed with solvents (specified below), and dried
under vacuum to give the pure product. If necessary, the ligands can be
purified by chromatography (silica, CH;OH/CH,Cl,). They are
soluble in DMSO and in mixtures of CH,Cl,/CH;OH. Freshly
prepared samples are also soluble in CH,Cl,. Further details are
provided below.

HT1:0.35H,0. The reaction was performed with substituted 2-
pyridinecarbonitrile (Supporting Information, 385 mg, 1.64 mmol),
NaNj; (118 mg, 1.82 mmol), and NH,CI (97 mg, 1.81 mmol). The
product was washed with water and ether/hexane (1:1). White solid:
420 mg (1.48 mmol; 90%). Anal. Calcd for C,,H,,N,-0.35H,0 (MW
283.59): C, 59.29; H, 4.16; N, 34.57. Found: C, 58.96; H, 4.13; N,
35.03. 'H NMR (400 MHz, DMSO-dy): 6 = 8.46 (d, ] = 8.0 Hz, 1H),
8.33 (d, ] = 7.6 Hz, 1H), 8.27 (t, ] = 8.0 Hz, 1H), 7.80—7.71 (m, 2H),
7.38 (t, ] = 7.6 Hz, 1H), 7.31 (t, ] = 7.6 Hz, 1H), 4.31 (s, 3H) ppm;
NH proton not observed. *C NMR (200 MHz, DMSO-dy): 6 =
155.2, 1509, 149.4, 143.6, 142.3, 139.8, 137.5, 126.9, 124.0, 123.5,
123.1, 120.0, 111.5, 33.3 ppm. ESI* TOF MS: m/z 278.2 {M + H}*.

HT8. The reaction was performed with substituted 2-pyridinecar-
bonitrile (Supporting Information, 584 mg, 1.76 mmol), NaN; (126
mg, 1.94 mmol), and NH,Cl (103 mg, 1.93 mmol). The product was
washed with water and hexane. White solid: 604 mg (1.61 mmol;
91%). Anal. Calcd for C,;H,sN, (MW 375.47): C, 67.18; H, 6.71; N,
26.11. Found: C, 67.06; H, 6.74; N, 26.16. 'H NMR (400 MHz,
DMSO-dy): 6 = 8.44 (dd, ] = 7.6, 1.2 Hz, 1H), 8.30 (dd, ] = 7.6, 1.2
Hz, 1H), 8.25 (t, ] = 7.6 Hz, 1H), 7.79—7.71 (m, 2H), 7.36 (t, ] = 7.6
Hz, 1H), 7.30 (t, ] = 7.6 Hz, 1H), 498 (t, ] = 7.2 Hz, 2H), 1.70—1.58
(m, 2H), 1.19-0.92 (m, 10H), 0.74 (t, ] = 7.2 Hz, 3H) ppm; NH
proton not observed. *C NMR (200 MHz, DMSO-dy): § = 155.9,
151.2, 149.1, 144.0, 142.6, 139.8, 136.9, 126.7, 124.0, 123.6, 123.0,
1202, 111.6, 44.9, 31.4, 30.0, 28.9, 28.7, 26.3, 22.4, 14.3 ppm. ESI*
TOF MS: m/z 3763 {M + H}".

Synthesis of Complexes. The reactions were performed under air
with a 3:3:1 molar ratio of the ligand, NaOH (base), and LnCl;-nH,0O
(Scheme 1). The ligand was suspended in hot ethanol (65—75 °C, S
mL; the same temperature was kept throughout the reaction). A
solution of NaOH in water was added (0.5—1 mL, used as a stock
solution with 100 mg of NaOH per 10 mL of water). The mixture was
stirred for 10 min to give a colorless solution. A solution of LnCl;-
nH,O (n = 6 or 7; 99.9%, Aldrich) in water (2 mL) was added
dropwise over S min. The mixture was stirred for further 5 min.
Usually, a white precipitate of the complex appeared on stirring.
However, if it was required, an additional volume of water (specified
below) was added to induce and complete precipitation of the
complex. The resulting suspension was stirred for S min at 6575 °C.
It was allowed to cool to 40—50 °C. It was filtered while it was warm.
The product was washed with ethanol/water (1:1) and ether (LnT1)
or hexane (LnT8). It was dried under vacuum at room temperature.
The complexes are soluble in DMSO, boiling ethanol, and boiling
acetonitrile. They are insoluble in hexane and water. LnT1 are
insoluble in CH,Cl, at room temperature. Freshly prepared LnT8 are
soluble in CH,Cl, at room temperature up to 1 mg/mL, although
dissolution is slow and takes up to 24 h to complete. Aged solid
samples of LnT8 (>1 month) do not dissolve completely in CH,Cl,.
Further details are provided below.

La(T1);-6H,0. The complex precipitated on addition of water (2
mL) and cooling. White solid: 38 mg (0.035 mmol, 60%) from HT1-
0.35H,0 (50 mg, 0.176 mmol), NaOH (7.05S mg, 0.176 mmol), and
LaCl;-7H,O (21.8 mg, 0.059 mmol). Anal. Caled for C,,HjLaN,, -
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6H,0 (MW 1075.83): C, 46.89; H, 3.93; N, 27.34. Found: C, 46.93;
H, 4.02; N, 27.25.

La(T8);3-2.5H,0. The complex was precipitated with water (1 mL).
White solid: 39 mg (0.030 mmol, 68%) from HT8 (50 mg, 0.133
mmol), NaOH (5.33 mg, 0.133 mmol), and LaCl;-7H,0 (16.5 mg,
0.044 mmol). Anal. Calcd for Cg3H;,LaN,;-2.5H,0 (MW 1307.33):
C, 57.88; H, 5.94; N, 22.50. Found: C, 57.74; H, 5.86; N, 22.60.

Eu(T1)3-3.5H,0. The complex precipitated on addition of water (2
mL) and cooling. White solid: 46 mg (0.044 mmol, 75%) from HT1-
0.35H,0 (50 mg, 0.176 mmol), NaOH (7.0S mg, 0.176 mmol), and
EuCl;-6H,0 (21.5 mg, 0.059 mmol). Anal. Calcd for C,Hz EuN,;-
3.5H,0 (MW 1043.85): C, 48.33; H, 3.57; N, 28.18. Found: C, 48.45;
H, 3.72; N, 27.75.

Eu(T8);-3H,0. The complex was precipitated with water (1 mL).
White solid: S0 mg (0.038 mmol, 85%) from HT8 (50 mg, 0.133
mmol), NaOH (5.33 mg, 0.133 mmol), and EuCl;-6H,0 (16.3 mg,
0.044 mmol). Anal. Calcd for Cg;H,,EuN,;-3H,0 (MW 1329.40): C,
$6.92; H, 5.91; N, 22.13. Found: C, 56.66; H, 5.84; N, 22.45. To check
reproducibility, we prepared a second batch of the complex by the
same procedure: 49 mg (0.037 mmol, 84%). Anal. Calcd for
Cg;HEuN, - 3H,0 (MW 1329.40): C, 56.92; H, 5.91; N, 22.13.
Found: C, 57.22; H, 5.76; N, 22.30. The photophysical properties of
the two batches were identical.

B ASSOCIATED CONTENT

© Supporting Information

Synthesis of precursors; absorption, luminescence, and 'H
NMR spectra; crystallographic data; CIF of the crystal
structures, CCDC 983483 and 983484. This material is
available free of charge via the Internet at http://pubs.acs.org.
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